Many short-lived desert organisms remain in diapause during drought. Theoretically, the cues desert species use to continue diapause through drought should differ depending on the availability of critical resources, but the unpredictability and infrequent occurrence of climate extremes and reduced insect activity during such events make empirical tests of this prediction difficult. An intensive study of a diverse bee-plant community through a drought event found that bee specialists of a drought-sensitive host plant were absent in the drought year in contrast to generalist bees and to specialist bees of a drought-insensitive host plant. Different responses of bee species to drought indicate that the diapause cues used by bee species allow them to reliably predict host availability. Species composition of the bee community in drought shifted towards mostly generalist species. However, we predict that more frequent and extended drought, predicted by climate change models for southwest North America, will result in bee communities that are species-poor and dominated by specialist species, as found today in the most arid desert region of North America.
Introduction
Despite how infrequently and unpredictably droughts occur, long-term studies have shown they present strong selective challenges to desert organisms and can be powerful agents of natural selection [1, 2] . Examples are taxonomically widespread and include desert insects and annual plants that remain in prolonged metabolic quiescence in years when conditions are less than optimal [3] and Galapagos Islands finches whose beak morphology has evolved rapidly in response to drought-mediated selection associated with food resources [1] . Droughts have changed the species composition of vertebrate and plant communities rapidly, and the changes from these severe, episodic events have persisted for decades ([4] references in [5] ). However, how communities of short-lived insects respond to drought has been examined only anecdotally. This omission is notable given the diversity of insect species, their role as consumers (herbivores and pollinators) and as keystone organisms involved in the maintenance and composition of plant communities. Furthermore, the range of ecological and life-history tactics represented among insects provide an opportunity to identify key biological features which can then be used to understand how community composition will respond to the increased drought intensity and frequency predicted by climate change models in southwestern North America [6] .
A severe drought throughout western North America occurred during a multi-year study of bee and flowering plant communities in the northeastern Chihuahuan Desert. In response to below normal precipitation, bee occurrence was sporadic and most of the plants that did flower were patchily distributed with few flowers. Despite unusually low species richness and abundance, we were able to quantify the effects of drought on flowering plants and bees because: (i) collections had been made in years before and after the drought when precipitation was closer to the long-term average, and (ii) bees were sampled using pan traps in all 3 years in addition to collections taken at flowers. Pan traps provide unusual insight into bee activity because they attract bees & 2013 The Author(s) Published by the Royal Society. All rights reserved.
when flowers are unavailable and can potentially capture both local individuals and transient bees in search of floral resources. These data allowed us to quantify how an extremely diverse [7] bee community responded to severely dry conditions and how this response corresponded to that of the flowering plant community.
Most desert bees worldwide nest in the ground and are solitary, and many can remain in extended diapause. Record durations are an Australian species that emerged after 10 years [8] and a Pakistani species that emerged after 7 years [9] . Some bee species from all continents with deserts are known to be able to delay emergence for at least 1 year (reviewed in [10] ), although the cues bees use to delay emergence are poorly understood. In the best-documented case of bees and diapause, more individuals continued development to the adult stage when they were experimentally exposed to high moisture levels than nest-mates that were kept dry, suggesting precipitation cued environmental suitability [10] . All other reports of delayed emergence patterns have been based on single observations of individuals emerging in the laboratory, from observations made at host flowers in drought and non-drought years, or after unusual precipitation events ( [11] references in [10, 12] ).
In the northwestern Chihuahuan desert, plant species vary in the amount of rainfall that triggers flowering and bee species vary in their dependence on floral host species from specialists that collect pollen from one or a few plant species (hereafter, specialist bee species) to generalists that collect pollen from many plant species (hereafter, generalist bee species). Of the few plants that did flower during the drought year, two plant species (creosote bush (Larrea tridentata) and mesquite tree (Prosopis velutina)) were of particular interest because they are highly bee-attractive and are the sole pollen hosts for a species-rich group of specialist bees. These two plant species also differ in how much precipitation they require to initiate flower development. The creosote bush requires one rainfall event of at least 13 mm to prompt bloom in the spring [13] . Mesquite trees flower independently of rain because they have roots that extend to permanently saturated soils. We intensively sampled bees at these two plant species to test the hypothesis that the specialist bee species of the creosote bush would not be active in the drought year and that the specialist bee species of mesquite would be active. If specialist bees of the creosote bush were not active, and those of mesquite were active, this would be evidence that specialist species use specific cues or environmental thresholds that predict the availability of their host, not more general cues that predict flowering across the whole plant community.
Bee data over 3 years from standardized net sampling of floral communities, from pan traps and from flowers of the creosote bush and mesquite, allowed us to test the hypothesis that in the drought year: (i) the number of flowering plant species and flowers per plant, and the composition and abundance of bee species would be reduced compared to years with rain that was closer to normal; (ii) generalist, and those specialist bees of plants that bloom regardless of rainfall amount, would be active in drought years; and (iii) specialist bees of plants that received insufficient rainfall for bloom would remain in diapause. Tests of these hypotheses extend findings based on biogeographic patterns that had suggested that one ecological advantage of host plant specialization among desert bees is the ability to reliably predict host bloom [14] , and provide a basis to predict that bee communities will shift towards a greater proportion of specialist species with the greater drought intensification and frequency expected for the southwestern North America by climate change models.
Material and methods
The study was carried out in the San Bernardino Valley Sonora, Mexico and Arizona, USA, a valley in the Chihuahuan Desert that runs north-south across the Mexico -United States border. Elevation in the study area is approximately 1070 m, and climate is xeric temperate with an average precipitation of 360 mm yr -1 . The dominant vegetation association in the study area is Chihuahuan desert scrub [15] , with some intact grassland remaining and bands of riparian vegetation along streambeds [7] . Monthly precipitation totals from September 2003 to March 2007 were obtained from the Glenn weather station 3 -4 km north of the study area (www.rmrs.nau.edu/weather/stations/glenn/).
The bee fauna of the San Bernardino Valley is more speciesrich than reported from any other comparably sized area in the world, with few social (3%), and many cleptoparasitic (17%) and solitary (79%) species [7] . Of the solitary pollen-collecting species, 30 -35% are floral host specialists that collect pollen from only one or several closely related plant species.
(a) Plant sampling of communities and focal species
In the drought year, plants in bloom were patchily distributed and uncommon. Two approaches were used to characterize the year-toyear magnitude of change in the flowering plant community. The creosote bush and mesquite tree were two of the most bee-attractive plant species in our study area [16] with unusually diverse pollen-specialist bee faunas (n ¼ 6 and 7 specialist bee species for the creosote bush and mesquite tree, respectively, in our study area) and were the two most common plant species in bloom during the drought. We estimated the proportion of individuals of these two species that had flowered along transects we established near the end of the bloom period in 2006 (8) (9) (10) (11) (12) . Nine transects were established in total, three each in desert scrub, grassland and riparian habitat. Transects were straight lines that continued until the bloom status of 200 creosote bushes had been scored. Plants were scored as having bloom if they had flowers, buds or fruits, and the number was counted of each phenological reproductive stage. Mesquite trees were scored for bloom status on the same transects used for the creosote bush, but fewer were encountered because these are larger and less densely distributed than the creosote bush. No mesquite trees occurred on three of the nine transects. Overall, 1800 creosote bushes and 323 mesquite trees were surveyed.
(b) Bee community sampling
Sites sampled for bees by netting were the same 100 Â 100 m plots described above in the section on flowering plant communities. Bees were sampled the day following flowering plant measurements. In 2005 and 2007, net sampling was done by up to six people. In 2006, reduced bloom allowed all sites to be sampled by one or two collectors. Each site was net surveyed one to three times per season. Net samples were taken at different sites each year because of high local spatial and temporal rspb.royalsocietypublishing.org Proc R Soc B 280: 20122703 variation in flowering and were at different locations than where pan trap samples were taken (see below).
Bee sampling by net was standardized as follows: every plant species at each site was sampled for 2 h per day broken up into six 20 min sessions, three in the first half and three in the latter half of the bee activity period. Early and late sampling periods varied between 09.00-11.30 h and 11.30-14.00 h depending on temperature. Two to five researchers (depending on the number of co-flowering plant species in each plot) netted in the plot simultaneously, each focused on a different plant species for 20 min. After each 20 min period, a researcher shifted to a different plant species to avoid bias owing to collector skill on the estimates of bee species richness and abundance. Researchers moved through the site during the 20 min sampling period and collected any floral visitors on the current target plant species. We made more 2-hour samples of bees at creosote bush and mesquite flowers in 2006 than in the other 2 years, because during the drought these were often the only plants in bloom.
Bees were sampled with pan traps at 27 permanent plots (1 ha) that had been established in 2000 and sampled for bees each year since. Pan traps sample a somewhat different bee fauna [17, 18] than net sampling but have the advantage of capturing bees even when flowers are absent and at a rate that is independent of collector ability. Plots were established in desert scrub, grassland and riparian habitats and were all within a 10 km 2 area [19] . At each site, three yellow, three white and three fluorescent blue pan traps that we had filled with soapy water were placed 
(c) Functional groups
Plants were sorted into two groups, annuals/biannuals and perennials to examine whether propensity to flower in response to drought differed among these life-history groups. Both annuals and biannuals are shallow-rooted so were expected to respond similarly to precipitation. All plant species were identified to species except for Sphaeralcea spp. (Malvaceae), a species complex (Sphaeralcea laxa, Sphaeralcea angustifolia and potential hybrids) that could not confidently be assigned to species during field surveys. All have very similar flower colour and floral morphology and attract similar floral visitors so were combined for analyses. Plant identifications were confirmed by Dr Van Devender and vouchers deposited at the University of Arizona herbarium (Tucson, AZ, USA).
Bees were sexed and identified to species by the first author and categorized as social or solitary, specialist or generalist, and pollen-collecting or cleptoparasitic. Information on host breadth for bees came primarily from Krombein et al. [20] and nesting preference from Krombein et al. [20] and Krombein [21] . Species for which relevant life-history information was unknown were included if all other species in the taxonomic group shared the same biological characteristic. For example, we categorized all species of Perdita and Calliopsis as oligolectic because most species in these genera are specialists. Species were not used in the analyses if relevant life-history information were not known, or if they were in groups with, for example, both oligolectic and polylectic species. The small proportion of social species in the bee fauna prevented us from including this category in the analyses. Specimens will be deposited in museums at the University of Kansas (Lawrence) and National Autonomous University of Mexico (Mexico City).
We tested whether generalist and specialist bee species differed in their response to drought by including only abundant species, which we defined as those represented by 20 individuals or more from pan traps and by net sampling from 1 ha plots between 1 April and 18 May 2006 May , 2007 May and 2008 . Most abundant species were collected in the 2 years when rain was closer to the long-term average. By this criterion, there were 18 specialist and 29 generalist species. Species of Lasioglossum (Dialictus) could not be identified to the species level and were excluded from the analysis. The honeybee (Apis mellifera) is the only introduced bee species in this fauna and was excluded. We compared by a x 2 -test if the proportions of abundant species not active in drought differed among specialist and generalist bees. Changes in the abundance and species richness of generalists and specialist bee species visiting creosote bushes and mesquite were tested with a nested ANOVA that had as the measurement variable, abundance or species richness, and effects as year, host breadth and host with host breadth and host nested within a year. All ANOVA analyses were carried out after data were square root transformed. figure 2 and electronic supplementary material, tables S1 and S2). The greater number of collections per plant species and the decreased number of flowers per plant on most of these species in the drought year than in other years suggests that the bee catch in the drought is a better estimate of richness and relative abundance than in other years, and that these data represent a conservative estimate of the response by the bee community to drought. A total of 8704 bees and 238 species (see the electronic supplementary material, table S2) were collected by pan trap and net sampling over this study. One-way ANOVA tests of yearto-year changes in mean bee species richness and abundance were significantly different in samples made by net and pan trap (d.f. ¼ 2, p , 0.0001 for all four comparisons), and in all four of these comparisons (species richness and abundance in net and pan trap samples) there were significantly fewer bee species and individuals in the drought year (2006) than in the years before and after (all comparisons tested for significance at p , 0.05 using Tukey post-hoc comparison). For brevity, only the abundance data from pan trap samples are shown (figure 3). Many collections by net in the drought year resulted in none or very few specimens all day. Pan trap collections yielded more species and individuals than net samples, which allowed us to test whether pollen-specialist bee species responded to drought differently than generalist bee species. Pan traps sampled fewer specialist bee species ( For the most abundant specialist (n ¼ 18) and generalist bee species (n ¼ 28), the proportion of specialist bee species that were entirely absent from drought year samples was significantly more than the proportion of generalist bee species absent (seven of 18 specialists but only four of 28 generalists were absent; x 2 1 ¼ 31.72, p ¼ 0.0001; electronic supplementary material, table S1). All six of the specialist bee species of mesquite, the plant that bloomed despite minimal precipitation, were collected in the drought year and two of these specialist bee species were among the most common bees captured (see the electronic supplementary material, table S3). The five most abundant bee species in 2006 from our combined standardized net and pan trap samples were comprised of two specialist and three pollen generalist bee species (see the electronic supplementary material, table S3).
Results
Standardized net samples at mesquite and creosote bush flowers found approximately similar numbers of bee species at both plant species in most years (figure 4), although more individuals were generally collected during samples at mesquite than at creosote bushes (figure 5). When generalist and specialist bee species were compared, generalist bee species richness was high at creosote bushes and mesquite in all 3 years as was mesquite specialist bee species richness (figure 4). By contrast, species richness and abundance of specialist bee species on the creosote bush was significantly lower in the drought year than in the non-drought years (figures 4 and 5). A nested least-squares model showed the differences for species richness were significant among years (F 2 ¼ 13.402, p , 0.0001), host within years (F 3 ¼ 8.015, p , 0.0001) and host breadth (specialist and generalist) within years and host (F 6 ¼ 8.12, p , 0.0001). A nested leastsquare model testing abundance also showed the differences were significant among years ( 
Discussion
Flowering of most plants and activity of most bees dropped substantially or completely in response to drought. The average number of flowering plant species in 1 ha net plots was much less in the drought year (figure 1) than in the years before or after when precipitation had been closer to the long-term average (see the electronic supplementary material, figure S1 ). The plants on which we collected bees during the drought were mostly perennial species, in contrast with non-drought years when many bees were collected on annuals (figure 2). The absence of flowering annual species further indicated that rain over the previous winter had been insufficient for many species to initiate germination and flower. Many bees remained in diapause through the drought. Mean number of individuals in 1 ha plots was less than 2 in 2006, a decline of more than 10-fold from non-drought years (figure 3). Some generalist bee species remained in diapause during the drought, but a much greater proportion of specialists did so than generalists (see figure 4 and electronic supplementary material, table S3). Among specialist bee species, those with host plants that bloom with minimal or no rainfall were more likely to emerge in dry conditions than were specialist bee species that visit host plants which require adequate rain (figures 4 and 5). Differences among those specialist bee species that emerged and those that did not during the drought are further evidence of the importance of host availability when environmental conditions are suboptimal. At creosote bush flowers, a plant species that requires rainfall to bloom, specialist bee species were largely absent in the drought year, whereas generalist bees on flowers of the same plant species were as common in the drought year as they were in one or both years with rainfall amounts close to the long-term average (figure 5). By contrast, at mesquite flowers, a plant that blooms independently of rainfall, abundance and species richness of specialist and generalist bee species in the drought year were comparable to non-drought years (figures 4 and 5). Differences in the activity pattern of generalist and specialist bee species in drought and non-drought years indicate that the propensity to remain in diapause during drought was related more closely to the probability that their host bloomed than if the host was an annual or perennial plant species. Bee species that emerged from diapause despite a drought were those that were generalists and specialists of plant species that bloom regardless of precipitation. Bee species that continued diapause for another year were those that were specialists of plant species that require precipitation for bloom. Differences in the proportions of generalist and specialist bee species that were absent or rare in drought indicate that, as bee species become more specialized to a limited suite of floral resources, there is selection to reliably predict when their specific host blooms. This finding is probably a general one that applies to many desert organisms, especially those that are short-lived such as most insects. Figure 5 . Mean bee abundance from 2 h standardized collections at flowers of (a) mesquite (P. velutina) and (b) the creosote bush (L. tridentata). Numbers of generalist bees (bars without stripes) at mesquite and creosote bushes was high in all 3 years. Abundance of mesquite specialist bee species (bars with stripes) was similar in the drought year (2006) to the years before and after, in contrast to creosote bush specialist bees which were much less abundant in the drought year than in the non-drought years. Letters above columns indicate if differences were significant by a Tukey post-hoc comparison.
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The increased patchiness of flowering during drought resulted in more comprehensive sampling of both plant and bees during drought years than during the non-drought years, however, for each of our sampling protocols this bias was skewed against our hypotheses. For example, the 1 ha plots used to measure flowering in the San Bernardino Valley were chosen each year for high flowering plant diversity. These sites therefore overestimate mean flowering plant richness and density for the study area, but the overestimate is larger in the drought year when bloom was minimal and flowering plants were very patchily distributed. Similarly, the list of plant species from which bees were collected in drought were more complete than in non-drought years, because fewer flowering plants in drought allow for a greater proportion of species to be sampled. Our bee sampling protocols also generated data that conservatively test our hypotheses given that in the drought year, flowering plants were extremely clumped and had reduced flowering which allowed us to sample a greater proportion of the bee community, because our collections in the drought encompassed a greater proportion of the available floral resources than they did in years with greater precipitation. Finally, bee samples taken from pan traps vary from low attractiveness when flowers are locally abundant to high attractiveness when flowers are locally scarce or absent [12, 22] . In this study, pan traps would have been more attractive during the drought year than the years before and after. Taken together, sampling biases for collection protocols of flowering plants and bees used in this study were probably large but favoured overestimates of plants and bee richness and abundance in the drought year. It is likely that the reduction in flowering and activity in the plant and bee communities in response to the drought over spring 2006, was much greater than our data indicate.
Models of climate change for western North America predict that both frequency and duration of droughts will increase [6, 23, 24] and long-term studies have documented cases where drought has fundamentally altered plant community composition [4, 25] . How such events change the insect communities that depend on these plants is unknown.
Given the caveat that our data were from 1 year of drought, the empirical findings from this study provide useful insight into how climate change may affect pollinator communities and, possibly, the plants that depend on them. We find that for a species rich, ecologically diverse, pollinator community there is considerable variation among species in their ability to undergo diapause under adverse conditions. In the short term, this variation shifts bee species composition during drought years towards pollen generalists that forage on the few plant species in flower and toward specialists whose hosts bloom independently of annual rainfall. In our study area, this latter group consisted of only specialist species of mesquite. However, if drought intensity increases with climate change, declining groundwater levels during drought years may not support flowering by any plants, including those with deep roots. This should lead to communities composed predominately, if not completely, of plant species that bloom in response to adequate rain and of those bee species that are specialists and have the ability to undergo long-term facultative diapause. Pollen generalist bee species that are unable to predict years when bloom is poor or absent presumably suffer diminished reproductive success during droughts and would be extirpated or rare in these communities if these conditions persist. Although needed is more study of diapause dynamics of desert bees, such a pattern would be consistent with the bee species composition in the hottest, driest North American deserts where winter rainfall is least predictable [26] . There the spring-active bee fauna is dominated by specialist bee species and generalist bee species are rare [13] . The ability to respond appropriately to fluctuating resource availability induced by drought may account for why the proportion of specialist bee species is higher in xeric areas of the Eastern and Western Hemisphere, and why some groups endemic to these xeric areas are largely or entirely composed of specialist bee species [27, 28] .
